Abstract. In transdermal drug delivery systems, it is always a challenge to achieve stable and prolonged high permeation rates across the skin since the concentrations of the drug dissolved in the matrix have to be high in order to maintain zero order release kinetics. Several attempts have been reported to improve the permeability of poorly soluble drug compounds using supersaturated systems. However, due to thermodynamic challenges, there was a high tendency for the drug to nucleate immediately after formulating or even during storage. The present study focuses on the efficiency of nanoparticles and influence of different concentrations of solubilizer such as vitamin E TPGS (D-a-tocopheryl polyethylene glycol 1000 succinate) to improve the permeation rate through the skin. Effects of several formulation factors were studied on the nanosuspension systems using ibuprofen as a model drug. The overall permeation enhancement process through the skin was influenced mostly by the solubilizer and also by the size of nanoparticles. The gel formulation developed with vitamin E TPGS+HPMC nanosuspension, consequently represent a promising approach aiming to improve the permeability performance of a poorly water soluble drug candidate.
INTRODUCTION
Oral drug delivery has many disadvantages and this becomes even more apparent when this route is used for localized therapy in the skin. For example, the anti-inflammatory (non-steroidal anti-inflammatory drugs (NSAID)) used for the treatment of acute and chronic arthritic conditions can cause gastric mucosal damage which may result in ulceration and/or bleeding. Therefore, topical delivery of these classes of drugs overcomes many side effects such as gastric complications (1) .
Despite extensive research and development efforts, only a limited number of drugs can be administered by the topical route due to various limitations. One of the reasons is the limitation in permeation of effective concentrations of drugs through the skin barrier for desired therapeutic action. The permeation challenge becomes more pronounced in case of poorly soluble drug molecules (2) . Even though these molecules should possess enhanced permeation rates due to their higher lipophilicity, the rate of release of the drug becomes rate limiting for these compounds.
Several studies have been reported in the literature using topical gels for enhanced drug delivery through the skin (3) (4) (5) . In order to improve the permeability of the drug through the skin, penetration enhancers were incorporated into the gel. This approach has succeeded in many cases in overcoming the skin barrier, however, is restricted by the skin irritation that may be caused by some of these compounds.
Another approach to achieve drug enhancement involves the use of supersaturated systems with co-solvents and solubilizers (6) (7) (8) (9) . Linear relationships have been shown to exist between drug content in the transdermal matrix and drug release, resulting in an increased drug flux due to higher thermodynamic activity. However, these systems are often thermodynamically unstable due to the crystallization of drug molecules immediately after formulation or even during storage.
Recently, nanotechnology has been extensively explored for transdermal drug delivery enhancement. The crucial factors that need to be considered for formulation design include drug loading, stability of drug compound, scale-up ability and most importantly, the permeability factor. The mechanism responsible for skin permeation of nano-and micro-particles depends on the particle size. Recent studies conducted using smaller sized particles provided new insights concerning the correlation between particle size and skin permeation route. It was shown that 40-nm nanoparticles penetrated the skin via the follicular route; however, limited permeation was observed for larger-sized particles due to the tight network of epidermal Langerhan's cells (10) . In another study, it was also shown that when the particle size was higher than 5 μm, almost no permeation was observed through the stratum corneum, however particles with a diameter of about 750 nm demonstrated better permeation into the hair follicle of the human skin (11) .
One of the approaches studied recently, was to reduce the size of crystals by the wet media milling approach for poorly soluble drug compounds (12, 13) . This helped to improve the rate of release of drug substance by increasing the surface area of the crystals during the milling process. Once the particle size was decreased, probably to the nano range, the saturation solubility increased. This increase promoted the enhancement of the permeation rate through the skin due to an increased concentration gradient. One of the challenges during this approach is the abrasion of grinding media. The risk of contamination of bead to the product has been minimized by process optimization (14) .
In this current study, an evaluation of a nanosuspension was performed to enhance the permeability of a poorly soluble drug through the skin. D-a-Tocopheryl polyethylene glycol 1000 succinate (known as Vitamin E TPGS or TPGS) and hydroxylpropyl methylcellulose-lower viscosity grade (HPMC K4) were used as the basic components in this formulation. In a separate study, the authors evaluated the significance of these compounds in the topical formulation (15) . Vitamin E TPGS was used in to enhance the permeability of the poorly soluble drug. Also, it was used to stabilize the system by hydrophobic interactions. HPMC K4 was used as a steric stabilizer to inhibit crystal growth of the drug in the formulation.
This manuscript is divided into three main sections. The first section deals with the design and assessment of gel formulation. Gel forming polymers such as hydroxypropyl methylcellulose-higher viscosity grade (HPMC K100), sodium carboxy methyl cellulose (Na-CMC) and polaxamer (Pluronic F127) were used in order to optimize the final variant, which was tested for permeability study using porcine skin. In the second section of the research, a factorial design study was conducted to evaluate the individual effects from the three critical components (particle size of drug crystals, concentration of Vitamin E TPGS and concentration of gel forming polymer) on the permeation rate of drug through porcine skin. In the third or final part of the study, the optimal formulation was tested on human skin to confirm the permeability assessment.
Ibuprofen was used as the model drug for this study. It is a potent NSAID often used for the treatment of acute and chronic arthritic conditions. Although topical delivery is the preferred approach to overcome the challenges of gastric complications occurring with oral delivery of this drug (16, 17) , the drug molecule exhibits poor aqueous solubility and also has a high tendency of crystal growth in the high energized system.
MATERIALS AND METHODS

Materials
Ibuprofen, an anti-inflammatory drug from Doctors Organic Chemical Limited (Tanaku, AP, India), was used as a model drug in this study. The free base form of this drug is poorly water soluble with an equilibrium water solubility of 0.02 mg/ml and molecular weight of 206.28 g/mol. The excipients used in this study include, vitamin E TPGS from Eastman Chemical. Co. (Kingsport, TN, USA), Pluronic F-127 from BASF (Florham Park, NJ, USA), HPMC K4 and HPMC K100 from Dow Chemical Company (Midland, MI, USA), Sodium-carboxymethylcellulose/Na-CMC from Hercules (Wilmington, DE, USA). Deionized water was used as dispersion media.
Preparation of Gel Formulations from Nanosuspension
During this process, Vitamin E TPGS was dissolved in water at 70-80°C to produce a 1%w/v solution. The stabilizer (HPMC K4) was dissolved in the solution (2%w/v). The drug substance (5%w/v) was dispersed into the system and the resulting suspension was wet milled with the grinding media (0.2 mm diameter) using a conventional planetary mill, Model PM400, Retsch GmbH, Germany, equipped with beaker with a chamber volume of 50 ml. The agitation rate was maintained at 400 rpm. High shear force generated during collision of the milling media with the solid drug provided the energy to fracture drug crystals into smaller particles. Due to the collision of the drug crystals with the beads and with the wall of the grinding chamber, smaller crystals at sub-micron or nano size range were produced. Once the desired nanosuspension was formed, gel forming polymers were dispersed into the solution using high-speed homogenizer. Three different polymers were used at varying concentrations. The compositions of the different formulations used are outlined in Table I .
Preparation of Gel Formulations as a Control for Human Skin Permeation Study
Initially Vitamin E TPGS was dissolved in water at 70-80• C to produce a final concentration of 5% (w/v). Excess drug was added into this system and the suspension was stirred for 48 h at 37•C using an insulated shaker (Innova 4000, New Brunswick Scientific, Edison, NJ, USA). The suspension was then centrifuged using a centrifuge (CT422, Jouan Inc., Winchester, VA, USA) at 3000 rpm and the supernatant clear solution was collected. This aliquot was mixed with 2%w/v of HPMC K4 as steric stabilizer. After forming the micellar solution, gel forming polymer (HPMC K100; 3% w/w) was dispersed into the solution using high-speed homogenizer and the formulation was kept overnight in order to achieve complete hydration.
Evaluation of Drug Content in the Gel Formulation
The gels were evaluated for drug content. The drug content of the gels was determined by dissolving about 100 mg of gel in acetonitrile-water mixture (1:1), which was diluted with PBS solution (pH 7.4) to make a volume of 100 ml. The drug content was estimated using HPLC method that was discussed in later section.
Short-Term Stability Study
The stability study was conducted to identify the appropriate conditions for inhibiting the crystal growth in the formulations. The gel formulations were kept on short-term stability and the crystal growth/increase of particle size was monitored. The formulations were stored at 2-8°C and samples were collected at different time points from 0 to 6 weeks for particle size analysis.
Particle Size Analysis
The growth of crystals in the nanosuspension gel system was detected by Photon Correlation Spectroscopy. Photon Correlation Spectroscopy determines velocity distribution of particle movement, by measuring dynamic fluctuations of intensity of scattered light. The suspensions were characterized by intensity-weighted particle size using photon correlation spectroscopy (PCS) particle size analyzer (Beckman Coulter, Jersey City, NJ, USA). Once the required intensity reached, analysis was performed to obtain the mean particle size and polydispersity index (PI). Analysis was performed in triplicate (angle-90°, diluent-water, temp.-25°C, run time-200 s.).
Solubility Study
Solubility studies were performed by mixing excess amount of drug into water containing various concentrations of vitamin E TPGS and kept at 37°C with constant shaking until 72 h. After that, the solution was centrifuged (CT422, Jouan Inc., Winchester, VA, USA) at 3,000 rpm; the supernatant liquid was collected and the concentration of drug dissolved was analyzed using HPLC (as described below).
Permeation Study
Permeation rates were determined using porcine and human skin. Dermatomed (∼500 μm) porcine (pig) skin was obtained from the abdominal regions of young Yorkshire pigs (26.5-28 kg, UMDNJ, Newark, NJ). Human skin was obtained from NY firefighters (New York, NY) and was also dermatomed to 500 μm. The human skin was collected from right posterior leg of a 40-year-old female Hispanic donor.
The skin was stored at −80°C. Prior to each permeation experiment; the skins were allowed to thaw at room temperature. After washing and equilibration with PBS, the skin was mounted on static vertical Franz Diffusion cells-Permegear Inc., Bethlehem, PA (receptor volume 5.1 ml, donor area 0.64 cm 2 ) by clamping them between the donor and receptor compartments. The receptor compartment was filled with PBS (pH 7.4) and maintained at 37±0.5°C with constant stirring at 600 RPM. Formulations were added to the donor compartment as an infinite dose to completely cover the membrane surface. Receptor samples were collected at predetermined time points and then replaced with equivalent amount of buffer. The drug content in the samples was analyzed by HPLC.
Statistical Analysis
A statistical analysis was performed with nanosuspension gel formulations in order to evaluate the effect of individual components and the interaction between these parameters. A 2 3 factorial design with three critical parameters at two different levels (high and low) was executed. Three replicates were used for each formulation during permeation study. The concentration of HPMC K4 and drug substance was kept constant during this study. The overall study design is shown in Table II . The Pareto chart (from factorial design analysis) was used as a statistical tool to analyze the effect and magnitude of the above parameters. The objective for this statistical analysis was to investigate the change of permeability profile from each of the following components:
MVDA Modeling of Nanosuspension Gel Formulations
Besides the Factorial design analysis using Pareto chart approach, multi variant data analysis (MVDA) modeling was performed to study the influence of different components of nanosuspension gel formulations on the permeation rate of the drug through pig skin. SIMCA P + (version 11.5) software was used for this analysis. MVDA is an important modeling tool for very large data set. In research, this model helps to identify the influential formulation parameters and to establish the correlation pattern among these parameters. This model is established based on the equation: y=f(x)+e, where, f(x)=the part explained by the model and e=noise (the remaining unexplained part of the data). 
HPLC Analysis
The assay was determined by using a gradient HPLC (Waters 2695 HPLC system) equipped with UV-Vis detector (Waters 2487, Dual I Absorbance Detector) and a C18 column detection (X Terra column, Waters, Ireland, analytical C18 column, 5 μm particle size, 4.6×150 mm). The mobile phase consists of a mixture of acetonitrile and phosphate buffer (pH 3.5) with a ratio of 60/40 (v/v). The detection wavelength used was 230 nm with a flow rate of 1.2 ml/min and run time of 6 min. The precision and linearity was established for concentration ranged from 5-500 μg/ml. All the test samples were within these ranges.
RESULTS AND DISCUSSIONS Formulation Design of Gel System Produced from Nanosuspension
As shown in Table I , several formulations were evaluated using nanosuspensions. The nanosuspensions were prepared by the wet milling process using 5% drug, 1% vitamin E TPGS, and 2% HPMC K4 polymer. The advantages of using the top down media milling approach for the formation of nanosuspensions included high drug loading capacity, elimination of organic solvent and easy scale-up. In a separate study, a detailed evaluation was conducted in order to optimize the vitamin E TPGS and HPMC K4 polymer concentrations based upon the success of producing nanocrystals during the milling process. Since we intend to develop these formulations for dermal application, therefore gel forming polymers were added for better application and adherence on the skin. We used different types of gel forming polymers at three different concentrations (Table I) . Mean particle size and assay values were recorded for the different formulations.
Particle Size Analysis of Nanosuspension Gel System
One of the most important characterization studies of nanosuspension was the particle sizing of the drug crystals. The three popular analytical techniques used for size measurement of nanoparticles are PCS by dynamic light scattering (DLS), laser diffraction (LD) by static light scattering technique and microscopy (18) . Among these techniques microscopic study is a visible method which gave qualitative information of the particles. However, this method does not provide any statistical data analysis. On the other hand, PCS produces accurate results of particles size measurement between 50 nm to about 2 μm and sometimes even up to 5 μm. Also, this technique requires a small amount of sample (a few milliliters) with less dilution and thus minimizes the probability of dissolution of the smaller particles. However, it is not possible to detect larger particles (more than 6 μm) by using the PCS technique (19) . The LD technique is a very robust technique for measuring the size of particles; however, it can only analyze larger particles (more than 400 nm). Based on the above facts, during the preliminary phase of this research, we used both, PCS and LD techniques to detect the size of drug crystals formed during the process and also during storage. However, crystals were not detected accurately by LD method due to lower intensity of particles in the sample. Thus, PCS technique was selected as the suitable technique for particle size analysis. Also during the analytical method development, in order to study the effect of any possible dissolution on drug crystals during particle size analysis, a study was performed by diluting the nanosuspension with unsaturated, partially saturated and completely saturated dispersion media. No difference in the results was observed between these experiments.
An increase of particle size during (a) gel formation process and (b) during storage was identified as the most important quality attribute during the initial screening experiments. As shown in Table I , the size of drug crystals increased during the preparation of the gel from the nanosuspension. The size of drug crystals increased significantly in presence of Pluronic F127. However, the increase in size of drug crystal was comparatively lower for HPMC K100 and Na-CMC. One of the reasons that can be stated to explain this kind of observation is that, unlike Pluronic F127, the other two polymers did not change the solubility of the drug. Based on these data, Pluronic F127 was ruled out for further screening experiments. For HPMC K100, almost no particle size increase was observed. The reason for the low particle size increase for HPMC K100 can be explained by the fact that HPMC possessed a hydrophobic interaction with the drug crystals, resulted to inhibition of crystal growth during the gel forming process. HPMC K100 probably was adsorbed onto drug crystals due to the interaction of the hydrophobic (methoxyl) and hydrophilic (hydroxypropyl) groups with the drug and provided steric stabilization as reported in the published literature (20, 21) . During the stability study, significant increase of drug particle size was observed (Table III) when polymer level of HPMC K100 and Na-CMC was lower (1%). However, at 2.5 and 5% polymer concentration, rate of increase of particle size was reduced significantly. Overall stability of the gel formulation was better for HPMC K100 gel as compared to Na-CMC. Both HPMC K100 and Na-CMC based nanosuspension gel formulations at 2.5% polymer concentration were selected for the permeation study.
In Vitro Permeation Study Using Porcine Skin
The permeation rate for the gel formulations was determined using Fick's law
where, J is the flux per unit area, P is the permeability coefficient, and Cd and Cr are the concentrations of drug in the donor and receptor solutions, respectively. In the case where the sink conditions are maintained on the receptor side, (Cd−Cr) is replaced by Cd and the Eq. 1 can be simplified as:
The rate of permeation can be thus defined as:
The rate of permeation/flux (Js) was actually measured from the slope of the Q vs. t plots 3 . The control samples were used for respective formulations using un-micronized drug substance.
In the nanosuspension formulations, the increase of total area (A) of the particles due to size reduction, decrease in the thickness (h) of the diffusion layer surrounding the particles and fast replacement of diffused molecules due to continuous dissolution of nanocrystals are all responsible for the higher flux. There can be a further increase of saturation solubility (Cs) by decreasing the particle size to nano range (<500 nm), which can be explained due to the increase of particle curvature as interpreted by the Ostwald Freundlich equation (explained in the later section) (22, 23) .
Effect of Polymers on the Permeation of Drug from Nanosuspension Gel System
While evaluating the effect of polymer type on the permeation rate, the highest permeation was observed for HPMC K100 followed by Na-CMC (Fig. 1) . The flux observed for HPMC K100 was 15.2 μg/cm 2 /h (SD-0.8; n=3) compared to 12.0 μg/ cm 2 /h (SD-0.8; n=3) for Na-CMC polymer. The differences at early time points were observed due to difference in the swelling properties of the gel forming polymers which impacted the lag time (mainly for HPMC K100).
Statistical Design of Formulation Parameters for Nanosuspension Gel System
The influence of the three critical components -size of drug particles in nanosuspension range, level of Vitamin E TPGS in the suspension and the concentration of gel forming polymer (HPMC K100) were studied on the skin permeability of ibuprofen. These parameters were adjusted in a factorial design analysis in order to evaluate their significance in determining the flux. The different particle size of ibuprofen crystals were obtained by optimizing the milling time.
The permeation study was conducted using dermatomed porcine skin. The Franz cell receptor samples were collected at predetermined time points (4, 8, 12, 24, 36, 48 , 72 h) and analyzed using HPLC. During the DOE analysis the study was extended until 72 h in order to rule out any significant precipitation/crystal growth of drug in the nanosuspension gel system during its contact with skin surface which is rough or gritty in nature. However, during the permeation study, we did not observe significant decrease in the rate of drug release even up to 72 h. This may be explained by the shorter duration of permeation experiments to initiate significant crystal growth. From the permeation experiment, no change of the permeation rate was observed for 72 h, which confirmed that supersaturation was maintained during the study. The plot showing the drug permeated for different formulations is presented in Fig. 2 .
The cumulative amount of drug permeated through the skin after 24, 48, and 72 h is shown in Table II . The initial drug content in the gel formulations used for the DOE study was incorporated in Table II . The drug content for all the formulations were 96-100%. If we correlate the drug content with the cumulative amount of drug permeated after 72 h no change of conclusion was confirmed. Also the saturation solubility of ibuprofen at pH 7.4 PBS (+37°C) was determined to be 1.6 mg/mL (1,600 μg/ml). Therefore, the sink condition was very well maintained. The flux was determined for each formulation in order to identify the significance of the variables. The following sections summarized the results of these studies and the significance of the findings.
Flux values were determined for each permeation study (Table II) and these values were used as response factors in the factorial design. The absolute values of effects were used for rank ordering between the factors and the p value (from unpaired Student's t test) was used to determine the significance of different parameters. The results from the permeation studies demonstrated a rank order in correlation between the formulation parameters and drug permeability through the skin. From the Puerto chart (Fig. 3a) , concentration of vitamin E TPGS seemed to be the most significant parameter (p value<0.005). The magnitude of effect was positive (+) which indicated that increase in vitamin E TPGS concentration influenced the drug solubility and also the permeability of the drug through the skin. Additionally, we had performed some separate studies in order to co-relate the solubility of the drug in the formulation and the permeability rate. It was observed that the solubility of the drug in 0.5, 1, and 2.5% TPGS solution was 258.66, 262.26, and 423.3 μg/ml, respectively. If we relate the solubility trend with the data obtained from the factorial design analysis, it was observed that the flux of the drug through the skin was significantly higher for formulation F2 (flux-29.7 μg/cm 2 /h.) as compared to F4 (flux −19.3 μg/cm 2 /h.) due to higher amount of TPGS used in the formulation. A similar result was also obtained for formulations F1 and F8. Although, the polymers used in this research did not produce any significant influence on the solubility of the drug; however, they probably improved the stability of the systems, which was explained in the later section.
The particle size of drug crystals was the second most significant parameter (p value<0.005). The magnitude of effect was negative (−). The decrease of crystal size influenced the drug dissolution rate and hence the drug fluxes through the skin. The influence of particle size on the permeability can be explained by the larger surface area and potentially higher dissolution velocity of the nanosuspension system. The phenomenon can be explained by the following OstwaldFreundlich's equation:
where S is the solubility, S 0 is the solubility of a flat sheet (r=∞), M is the molecular weight of the solid, γ is the interfacial tension, R is the gas constant, T is the absolute temperature, r is the radius and ρ is the density of the solid. As can be seen from this equation, the solubility of a certain material is inversely correlated to the particle size. Therefore, the gel system that contained larger drug particles (∼900 nm) resulted in a concentration gradient between the differently sized particles. At the vicinity of the skin surface, the smaller particles easily diffused from the high concentration to the low concentration and precipitated on the surface of the large particles. Basically, the higher solubility of smaller sized nanoparticles and lower solubility of larger-sized nanoparticles was responsible for creating a concentration gradient in contact with the skin, which resulted in Ostwald ripening. A similar observation was reported in the past (24) . In addition, the increase in particle curvature during particle size reduction increases the dissolution pressure that consequently increases the saturation solubility. However, this effect is still questionable since Grant and Brittain suggested that an increase in solubility due to increased particle curvature might only become significant for particles having a radius of less than about 100 nm (25) .
Finally, the concentration of HPMC K100 polymer seemed to be the non-significant parameter (p value>0.005). However, the analysis of HPMC K100 parameter revealed interesting insights. The magnitude of effect was positive (+), that contradicted the prediction, which assumed that the level of HPMC K100 concentration should have a negative (−) impact on the permeability of drug through the skin. The increase in concentration of HPMC K100 should have reduced permeability rate by increasing the viscosity of the gel system. However, an additional effect needed to be considered. The increase of HPMC K100 level inhibited the formation of crystal growth of the drug and thus improved the permeation rate to certain extent. At the same time, by increasing the amount of HPMC K100, the viscosity of the suspension also increased. This provided additional resistance to the Ostwald ripening process. Thus, the performance of these stabilizers can be explained by the combination of steric hindrance of polymer and diffusion resistance due to higher viscosity of the system. Finally, the use of HPMC K100 along with vitamin E TPGS could have a synergistic effect in stabilizing the highly energized crystals. Similar observation from Vitamin E TPGS was reported in the past (26, 27) .
The above result suggests that factorial design is a useful tool for identifying the impact of individual formulation parameters on the drug permeability profiles through the skin. It becomes apparent that presence of surfactant (vitamin E TPGS) and size of nanosuspension crystals have a significant impact on the permeability profile. The nanosuspension gel system with optimized formulation was prepared and used for the subsequent permeation study through human skin.
Additionally, by using the MVDA model, similar results were obtained as compared to the Pareto chart approach. Figure 3b has shown the importance and magnitude of four different variables (particle size of drug crystals, vitamin E TPGS concentration, concentration of gel forming polymer and viscosity of gel formulations) on the two response factors (cumulative amount permeated after 72 h and flux).
In this article, the authors studied the influence of formulation and process variables on the most important critical quality attributes such as (a) stability of the gel (with regards to nucleation and crystal growth) during process and storage and (b) permeation rate through the skin. Once the final formulation was selected, factorial design analysis using Pareto chart approach and MVDA modeling was performed to study the influence of different components of nanosuspension gel formulations on the permeation rate of the drug through pig skin. These statistical analyses find relationships between variables measured on the process (X) and corresponding values of "result variables" (Y). The MVDA modeling study produced R 2 value of about 0.8 between observed vs. predicted plot. It demonstrated a strong agreement between the actual results of these runs vs. the calculated/predicted values (Fig. 3c) . Finally, the optimized formulation (F2) from the statistical analysis was subjected to permeation study though the human skin.
Permeation Study of Optimized Gel Formulation through the Human Skin
The in vitro permeation study through the human skin was conducted with nanosuspension gel formulation. The flux observed for nanosuspension gel formulation was 23.1 μg/cm h (SD-0.7; n=3) compared to 14.1 μg/cm 2 /h (SD-0.6; n=3) for control formulation (Fig. 4) .
The major contribution to the enhanced permeation of a poorly soluble drug like ibuprofen can be explained by Noyes-Whitney Eq. 1.
where dC/dt is the rate of dissolution of the drug particles, D is the diffusion coefficient of the drug in the formulation matrix, h is the thickness of the diffusion layer around each drug particle, Cs is the saturation solubility of the drug in solution in the diffusion layer, and C is the concentration of the drug in the gel. This equation was described to explain the effect of particle size reduction of drug crystals on dissolution of the drug in the gel matrix. In summary, several hypotheses may be generated to explain the experimental findings during the research. In the present study, the increase of drug solubility occurred due to the addition of surface active agent (Vitamin E TPGS in this case). In a separate study, the unique property of vitamin E TPGS has been evaluated on the permeability enhancement of the drug through the skin. TGPS may contribute the level of lipophilicity in the skin. More detailed investigations on the mechanism of skin permeation of ibuprofen at the nanosuspension state and the influence of Vitamin E TPGS will possibly shed some light on the observed effects.
The control gel formulation (as stated in the "MATERIALS AND METHODS" section) was selected from our previous study (15) . This system had shown promising permeation results through the skin. The nanosuspension gel formulation had actually demonstrated superior result as compared to our control. This can be explained due to the fact that the control system used in this study is a meta stable system, where the concentration of the drug was probably above the equilibrium solubility which leads to the thermodynamic instability of the system as a function of time. Although the polymer used in this system helped to inhibit the nucleation process and also the rate of crystal growth, however might not be sufficient enough to sustain the stability during the permeation study through the skin (8, 9, 28) . On the other hand, the superior permeation results obtained from the gel system produced from nanosuspension can be explained due to the influence from the solubilizers as well the particle size of the drug crystals. These factors resulted in higher drug release due to the formation of supersaturated solution around the crystals and thus a high concentration gradient was produced between the drug crystals and skin surface (29, 30) . The depletion of the dissolved drug due to any precipitation was immediately replaced by the dissolution of nanoparticles (due to the presence of higher surface area of drug particles) and thus equilibrium state was maintained in the system. Therefore, fast replacement of diffused molecules occurred due to fast and continuous dissolution from the new crystal surface (12, 31) and thus drug release became continuous or zero order.
CONCLUSIONS
In conclusion, this study demonstrated a clear correlation between the vitamin E TPGS and particle size of nanocrystals with the permeation rate (flux) of ibuprofen through the skin. The explanation for the high permeation rate through the skin was mainly because of high surface area created in the formulation system that resulted in a high and continual drug release from the formulation to the external phase as a result of a constant driving force. In addition, the components used in the system also influenced the drug delivery potential from the formulation that improved the wettability of the poorly soluble drug and thus affected the mobility parameters through the skin. The formulation developed with vitamin E TPGS and HPMC 3cps provided hydrophobic interactions that resulted in the stabilization of nanocrystals. In conclusion, a number of factors including the particle size of the drug crystals, surface properties of the carrier, interaction of drug molecule with the stabilizer needed to be considered while designing a suitable dermal formulation for the poorly soluble compound. In summary, for BCS II compounds like ibuprofen, nanosuspension gel formulations seem to be an attractive approach for improving the drug permeability through the skin. 
